This paper presents a simple and effective method to fabricate a polydimethyl-siloxane (PDMS) microlens array with a high fill factor, which utilizes the UV proximity printing and photoresist replication methods. The concave microlens array mold was made using a printing gap in lithography process, which utilizes optical diffraction of UV light to deflect away from the aperture edges and produces a certain exposure in the photoresist material outside the aperture edges. This method can precisely control the geometric profile of concave microlens array. The experimental results showed that the concave micro-lens array in photoresist could be formed automatically when the printing gap ranged from 240 μm to 720 μm. High fill factor microlens array can be produced, when the control pitch distance between the adjacent apertures of the concave microlens array was decreased to the aperture size.
INTRODUCTION
Microlens arrays have extensive applications in optical communication and optical interconnection. The primitive microlens array may originate from several fabrication methods. The photoresist reflow method [1] , the UV proximity printing method [2] , and grayscale mask [3] , focused-ion-beam (FIB) milling [4] , and etching [5] to make the master of microlens array. Electroforming process can be applied to replicate the microlens array mold in metal. A great quantity of polymeric microlens arrays can be fabricated using micro-compression, injection molding, or hot embossing by using the electroformed mold inserts of microlens array. Furthermore, polymeric microlens arrays are applied to the charge-coupled-device (CCD) cameras [6] , optical scanners, fiber interconnects [7, 8, 9] , copiers [10] , liquid-crystal displays (LCDs), and personal digital accessories (PDAs) applications.
Polydimethyl-siloxane (PDMS) was used in a soft lithography technique proposed as a replication material [11] . K. Watanabe et al. developed a three-dimensional microlens mold made by focused-ion-beam chemical vapor deposition [12] . The microlens mold was used to fabricate PDMS microlens array. Also, the PDMS microlens with variable focal lengths was developed by liquid-filling in a cavity [13] . The PDMS microlens array was also applied to a pneumatic actuator [14] . PDMS microlens arrays used a replication molding technique was fabricated. To fabricate the PDMS microlens using molding, a master microlens array as the same profile as the final PDMS microlens array is needed. The photoresist reflow method is used to make the master microlens array. The photoresist reflow method is to melt photoresist structures to form microlens array due to the surface tension. After completing the master microlens array in photoresist, the next step is to replicate the microlens array in photoresist to a PDMS mold by using casting method. The PDMS mold is cured in a vacuum oven for 2 hrs at 5 mTorr of pressure at 75℃, the mold is peeled off from the master microlens array. The PDMS mold consists of a concave microlens array. The final step is to spin-coating PDMS on the PDMS mold. Depending on the spinning speed, a thick or thin film with the desired dimensions of microlens array can be obtained. Then, PDMS film is cured for 2 hrs at 5 mTorr of pressure at 75 ℃. Finally the PDMS microlens array was peeled of the PDMS mold.
The lens shape and the fill-factor are two of many conditions that impact to overall light efficiency. To collect the maximum amount of light, the lens area must be as close to 100% of the total area as possible [15] . The fill-factor is defined as the percentage of lens area to the total area. And the thermal reflow processing conditions must be delicately controlled to create a high fill-factor microlens array [16] , which increases the process difficulties and reproducibility requirements. In this study, the UV proximity printing followed by a photoresist mold is proposed here to provide a simple method of fabricating PDMS microlens arrays. A PDMS microlens array with an extremely high fill-factor was produced. Lithographic exposure has three printing modes including contact, proximity, and projection. The exposure operations using the proximity mode is in the near field or Fresnel diffraction regime. The pattern resulting from the light passing through the mask directly impacts onto the photoresist surface because there is no lens between the photoresist and mask. The created aerial image therefore depends on the near field diffraction pattern. Because of the diffraction effects, the light bends away from the aperture edges and produces partial exposure outside the aperture edges. Although the contact mode can minimize these effects by reducing the gap to zero, the gap is not strictly zero in practice because the top surface of the photoresist is not perfectly flat.
EXPOSURE CHARACTERISTICS
Figure1. Light intensity distribution in positive photoresist exposed using adjacent aperture Figure 1 shows the intensity distribution in the photoresist and after development as the light passes through the apertures. The middle figure shows a smooth and convex light intensity profile in photoresist. The concave profile can be fabricated through proper operational parameters using a positive photoresist and the desired microstructures are formed after the development process as shown in the bottom figure. As the gap spacing increases between the mask and photoresist, the aerial image quality produced on the photoresist surface will strongly degrade due to the diffraction effects [17] . That is, the intensity distribution range becomes wider and the relative light intensity becomes weaker at some point for one aperture exposure. The aperture exposure arranged using the array produces a complicated three-dimensional light intensity distribution in the photoresist. The final concave mold of microstructure geometry can be determined using the resulting intensity distribution after exposure and development. Figure 2 shows the proposed PDMS microlens fabrication processes. Desired patterns are transferred from the designed mask in the lithographic process. In this experiment, a plastic mask was fabricated using a laser writing onto a PET (Polyethylene terephthalate) used for PCBs (print circuit boards). The layout pattern on the plastic mask is illustrated in Figure 3 . Each aperture was d=80μm and the pitch distance for two adjacent apertures was p=120μm. The upper and lower rows were arranged in equidistance. Round patterns laid out in an orthotriangle on the PET-based mask. Figure 2 (a) sketches the lithography process to transfer patterns onto the substrate using the proximity printing. A gap was controlled between the mask and the photoresist surface. A silicon wafer was used as the substrate. To increase the adhesive force between the photoresist and substrate, the silicon wafer substrate was firstly coated with a thin layer of HMDS. The substrate was then spun with a positive photoresist (AZ4620) layer 18μm thick. The spin condition was 500rpm for 40 seconds. Prebaking in a convection oven at 90℃ for 3 minutes is a required procedure. This removes the excess solvent from the photoresist and produces a slightly hardened photoresist surface. The mask was not stuck onto the substrate. The sample was exposed through the plastic mask using a UV mask aligner (EVG620). This aligner had soft, hard contact or proximity exposure modes with NUV (near ultra-violet) wavelength 350-450nm and lamp power range from 200-500 W. A slice of glass was inserted between the photoresist and mask to create a gap. Exposure was then conducted for about 8 seconds. The three-dimensional array was completed after exposure and dip into the developer for 2 minutes and cleaning with deionized water as shown in Figure  2(b) . A liquid poly-dimethylsiloxane (PDMS) was cast on the photoresist pattern indicated in Figure 2 (c) and peeled off from the photoresist mold after it was cured shown in Figure 2(d) .
PDMS Microlens fabrication
The curing condition is 2 hrs at 75℃. The printing gap was adjusted to 120, 240, 360, 480, 600, 720, and 840 μm for finding different results. The PDMS microlens variations in the samples were observed and the optimal gap range determined. Optical microscopy (OM), scanning electron microscopy (SEM) and NanoFocus μScan 3D laser profilometer were used to measure the characteristics of the resulting PDMS microlens structures. 
RESULTS AND DISCUSSION

Printing gap size effect
According to the experimental results, three PDMS microlens array mold were classified after exposure by using different gap sizes. The printing gap sizes were ranged from 120 μm to 840 μm. Firstly, a flat down microlens array mold was formed using the printing gap 120 μm. Figure 4 (a) shows the flat top structural array mold by using OM observation. Secondly, adjusting the printing gap between 240μm to 720μm, microlens arrays mold with concave hemisphere were formed as shown in Figure 4 (b). Thirdly, using the printing gap is larger than 720 μm, the top view is blurred as observed using OM shown in Figure 4 (c). The printing gap between the photoresist and mask gradually increased, the height and sternness in the PDMS microlens array mold at the lateral sideline became thinner and flatter. A small printing gap (less than 240 μm) is not suitable for PDMS microlens array mold fabrication because the light intensity distribution in the photoresist is not have enough diffraction to produce concave spherical structures. A SEM microlens array mold in photoresist produced using a 360μm printing gap is shown in Figure 5 . The concave microlens surface is quite smooth. A liquid polydimethylsiloxane (PDMS) was cast on the concave microlens array mold and peeled off from the photoresist mold after it was cured. The PDMS microlens array was fabricated. The SEM micrograph of the PDMS microlens surface using a 360μm printing gap is shown in Figure 6 . Its actual profile compared to the theoretical spherical curve (dashed line) of a spherical lens is depicted in Figure 7 . It shows that the deviation on the lens sag from a perfect sphere is quite small. 
Pitch distance effect
To fabricate the microlens array mold in photoresist by using a 360 μm printing gap was confirmed. Different pitch distances for two adjacent apertures were designed onto the mask. Four different pitch distance patterns including 90, 100, 110, and 120 μm were designed. Four patterns of concave microlens arrays in photoresist are observed using OM as shown in Figure 8 . A SEM photograph showing an extremely high fill factor of microlens array mold using the pitch distance 90 μm is shown in Figure 9 . Pitch distance close to the aperture size can result a high fill factor microlens array. The 3D profile of microlens array in PDMS and its cross sectional view is shown in Figure 10 . It was measured using a NanoFocus μScan 3D laser profilometer. The lens sag height is 4.03 μm in Figure 10 (b). The bottom edge of every microlens was adjacent to each other. Gapless microlens array in PDMS is achieved. The microlens array in PDMS is actually with extremely high fill factor. 
Microlens array profiles
Using the proximity printing method to fabricate concave microlens array in photoresist and furthermore to replicate convex microlens array in PDMS is practical. The convex PDMS microlens array geometry formed is summarized in Table 1 . D is the PDMS microlens diameter, f is the focal length and h is the sag in the PDMS microlens. The data are based on the experimental results and calculated using the following method. According to the basic geometrical consideration [18] , the radius of curvature (RC) was calculated by Equation (1). The focal length was calculated using Equation (2) . The microlens focal length was obtained using the PDMS with a refractive index (n) 1.44 [14] . The numerical aperture (NA) was calculated using Equation (3) . The PDMS microlens array surface roughness was determined using an atomic force microscope (AFM). The measured size was 5×5μm 2 on the PDMS microlens top. It shows that the microlens surface roughness (Ra) was 2.31n m in Figure 11 .
Table1. Summarized geometrical data of microlens array in PDMS fabricated by using the proximity printing method. gap (µm) 
CONCLUSION
A different approach to fabricate convex microlens array in PDMS is presented. The convex PDMS microlens array with a fill factor of almost 100% can be fabricated by using the proximity printing and replication method. Two important parameters are summarized. The printing gap sizes are twice or more than the pitch distance and the pitch distance are close to the mask aperture size. The proposed method has advantages over previous fabrication methods. The fabrication process is very simple. Printing gaps ranged from 240 to 720 μm (twice or more than the pitch distance) using the same pattern on the mask can generate concave microlens in photoresist. The PDMS microlens array mold with a fill factor of almost 100% can be fabricated in a lithographical process.
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